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We report on the electrical conductivity and Seebeck coefficient of an electric-double-layer transistor based on an organic Mott insulator. The measurements were performed along the two in-plane crystallographic axes (a and c) of the same device. While the Seebeck coefficient along the a-axis was decreased by electron or hole doping, the value along the c-axis was increased by hole doping. This is in contrast to the general trade-off relation between the conductivity and the Seebeck coefficient. The simultaneous enhancement of the conductivity and the Seebeck coefficient is attributed to pseudogap formation in the hole-doped state, where a steep slope of the density of states emerges at the chemical potential because of the electron interaction. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4971310] Thermoelectric devices, which directly convert heat into electricity, have recently attracted considerable attention as energy-harvesting applications. Thermoelectric efficiency is given by the dimensionless figure of merit ZT, which is defined as
where r is the electrical conductivity, S is the Seebeck coefficient, and j denotes the thermal conductivity at temperature T. All these parameters depend on the carrier density and generally have trade-off relations, for example, the Seebeck coefficient decreases when the conductivity is enhanced by carrier doping. However, such a trade-off relation can be violated and a high ZT is expected under specific conditions. According to the Mott formula, 1 S in metals or degenerate semiconductors is expressed as
where E F is the Fermi energy and Àe is the electron charge. Provided that r(E) is proportional to the density of states N(E), S is proportional to 1/N(E) and @N(E)/@E at E F . Therefore, the trade-off relation between r and S may be overcome if @N(E)/@E is sufficiently large. Indeed, the simultaneous enhancement of r and S resulted in a high power factor rS 2 in the Heusler alloys Fe 2 VAl 1Àx Ge x , which have a dip of N(E) near E F . 2 Such a dip structure of N(E) is called a pseudogap.
We recently reported on the pseudogap in an electricdouble-layer transistor (EDLT) based on an organic Mott insulator j-(BEDT-TTF) 2 Cu[N(CN) 2 ]Cl (abbreviated to j-Cl).
3 j-Cl is a quasi-two-dimensional organic Mott insulator, which comprises the alternating layers of conducting BEDT-TTF þ0.5 radical cations and insulating Cu[N(CN) 2 ]Cl À counteranions ( Fig. 1(a) ). According to band calculations, j-Cl is expected to be a metal because the highest occupied molecular orbital (HOMO) band of BEDT-TTF is threequarters filled. However, the strong dimerization of BEDT-TTF makes it effectively half-filled. The strong onsite (ondimer) Coulomb repulsion in the half-filled band makes the electrons be aligned commensurately with the lattice potential, thereby resulting in the Mott insulating state. When electrons or holes were doped into the organic Mott insulator, the commensurability was reduced, and the effect of the electron interaction was weakened, resulting in a marked decrease in the resistivity. However, the pseudogap remained at specific kpoints under hole doping. 18-nm-thick Au electrodes and heaters had previously been evaporated. The j-Cl crystal was shaped into a cross along the crystallographic a-and c-axes, which are usually parallel to the diagonals of the rhombic crystal, using a pulsed laser beam with a wavelength of 532 nm ( Fig. 1(b) ). The crystal axes were determined by its diamond shape before lasercutting, where the longer diagonal is a-axis and shorter diagonal is c-axis. This crystal orientation is also confirmed by the signs of Seebeck coefficients themselves. 4 The EDLT device was fabricated by mounting an ion gel on the cross-shaped crystal and the Au side gate electrode. We employed poly(vinylidene fluoride-co-hexafluoropropylene) [PVDF-HFP] with 58% w/w 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM-BF 4 ] as the ion gel. Details of the electrolysis and crystal lamination are described in our previous papers. The temperature was controlled using a Physical Property Measurement System (Quantum Design) and the thermal electromotive force was measured with a nanovoltmeter (Agilent 34420A). The measurements were performed at temperatures between 60 and 160 K where the resistance was moderate (R < 10 5 X) and the ion gel was frozen, with steps of 20 K (cooling and warming rates: 2 K/min). At lower temperatures where the resistance was higher, the DV vs DT plots tended to deviate from the linear relation, namely, the reliability of the Seebeck measurements deteriorated. Fig. 1(c) . First, we show the experimental results for r and S. The gate-induced carriers were confined at the surface of the j-Cl crystal. However, the bulk (thickness $40 nm) was also conducting at the temperatures studied here (Fig. S2 of supplementary material). To focus on the gate-induced surface states, the surface conductivity r s is shown here. On the other hand, we show the bare Seebeck coefficient to overview its gate dependence because the estimation of the surface value is more ambiguous than that of the conductivity. We attempt to estimate the surface Seebeck coefficient in the latter part of this paper. Figures 1(d) and 1(e) show the gate voltage and temperature dependencies of the surface conductivity along the a-and c-axes (r sa and r sc ), respectively. Without a gate voltage, the resistivity was semiconducting ( Fig. S2 of supplementary material) . Both a positive and negative gate voltage enhanced the surface conductivity (ambipolar transistor), where the minimum conductivity was observed at V g ¼ þ0.3 V. The gate-induced conducting surface was metallic down to approximately 100 K. Comparing the two crystallographic axes, r sc was more asymmetric upon doping. On the assumption that the gate-induced carriers are confined in a single BEDT-TTF layer (1.5 nm), r s was approximately 200 S/cm (a-axis, V g ¼ À1.2 V, and T ¼ 100 K). Figure 2 shows the gate voltage and temperature dependencies of S for the heat flow along the a (S a )-and c (S c )-axes. As shown in Fig. 2(a) , the sign of S a (S c ) was positive (negative) in accordance with the bulk j-Cl. 4 The effect of doping on S strongly depended on the crystallographic direction. While jS a j was reduced monotonically by both electron and hole doping, as in the case of typical semiconductors, jS c j was enhanced by hole doping. The contour plots in Figs. 2(b) and 2(c) clearly show this tendency at all the temperatures studied here and also the slight increase of S c by a small amount of electron doping. The original data used to obtain the contour plots are shown in Fig. S3 (supplementary  material) .
We discuss these results by considering the electronic state of j-Cl and its doping dependence. According to the Boltzmann equation approach, 5 r a and S a (a ¼ a, c) are given as
where K n (n ¼ 0, 1) is defined as 
Here, E m (k) is the electron band dispersion of the band index m at momentum k measured from the chemical potential, 2) is based on the Sommerfeld expansion of Eq. (3) which is valid when E F ) k B T. These equations indicate that both r and S strongly depend on the Fermi velocity v m (k F ), where k F is the Fermi momentum defined by E m (k F ) ¼ 0. Figure 3(a) shows the Fermi surface of the simplest tight-binding model for undoped j-Cl without the electron interaction. When the electron interaction is considered, no Fermi surface is expected because the ground state is the Mott insulating state. 3 However, the conducting states under doping and/or at high temperatures are essentially determined by the original non-interacting band structure, which can be modified by the electron correlation effect. The electron-like Fermi sheet (blue part in Fig. 3(a) ) has a moderate energy dispersion along the a-axis, resulting in a small group velocity along the a-axis. Therefore, it dominantly contributes to r c and S c . Likewise, the hole-like Fermi pocket (red part in Fig. 3(a) ) contributes more to r a and S a than to r c and S c . In-plane anisotropy in S with a positive S a and a negative S c has indeed been observed in various j-BEDT-TTF salts, and the sign and the temperature dependence of S were explained by the Boltzmann equation approach based on the tight-binding band calculations. 6, 7 Therefore, to understand qualitatively the experimental results, we assume that r c and S c (r a and S a ) are governed mostly by the electron-like Fermi sheet (hole-like Fermi pocket).
In our previous report, the calculations based on the cluster perturbation theory, which takes into account the electron correlation effect, revealed that the Mott insulating state became metallic and N(E) at the chemical potential was increased by either electron or hole doping. 3 However, the evolution of N(E) with doping was quite asymmetric. The pseudogap emerged at the center of the electron-like Fermi sheets under hole doping but was almost absent in electron doping. Figure 3 and C-M-X (red solid line), which roughly correspond to the electron-like Fermi sheet and the hole-like Fermi pocket, respectively. Both 1/N(E) and @N(E)/@E are larger in the former region than in the latter region. The parameter set for the calculations (t 0 =t ¼ À0:44, U/t ¼ 5.5, and t ¼ 65 meV, where t and t 0 are the transfer integrals between the neighboring sites and the next-neighboring sites along the c-axis, respectively, and U is the onsite Coulomb repulsion) is quoted from the first principles calculations for j-Cl. 8 However, we have also confirmed that the pseudogap occurred by hole doping even with a different parameter set (t 0 =t ¼ À0:8, U/t ¼ 7, and t ¼ 55 meV from semi-empirical calculations) and different hole doping levels. 3 The marked doping asymmetry in r c observed experimentally may be attributed to the smaller N(E) in the hole-doped region than in the electron-doped region, which stems from the pseudogap formation on the electron-like Fermi sheet. The slight increase in S c for low electron doping (V g ¼ þ0.6 V in Fig.  2(c) ) can also be attributed to a pseudogap because the calculations predicted the presence of minor pseudogaps under electron doping (at a different portion of the electron-like Fermi sheet).
The simultaneous enhancement of r and S has thus been qualitatively understood from the aspect of pseudogap formation. However, the measured S shown in Fig. 2 is strongly suppressed by the bulk crystal because the bulk is also conducting. Finally, we estimate the surface Seebeck coefficient S s and the surface power factor r s S 2 s from the measured Seebeck coefficient of two parallel connected layers, which is described as 9, 10 
where the suffixes b and s denote the bulk and surface. Here we employed r and S at the maximum resistivity point (charge neutrality point) at V g ¼ þ0.3 V as r b and S b , respectively. Figure 4 shows the gate voltage dependencies of r s , S s , and r s S 2 s at 100 K along the a-and c-axes. Note that the values of S s at V g ¼ À0.3, 0, and þ0.3 V are not shown because of the large ambiguity due to the small r s . Instead, the corresponding values of S at V g ¼ À0.3, 0, and þ0.3 V are shown for reference. The maximum value of S s reached 136 6 8 lV/K (c-axis, V g ¼ À1.2 V), which is comparable with that of the materials with pudding-mold-type band structures such as Na ) in the pseudogap state.
In summary, we measured r and S along the two inplane crystallographic axes (a and c) of the same organic Mott EDLT based on j-Cl. Owing to the collapse of the Mott-Hubbard gap, r a and r c were enhanced by both electron and hole doping. However, S c was enhanced by hole doping, probably because of the large enhancement of @N(E)/@E at the chemical potential caused by the electroninteraction-driven pseudogap formation, while no such effect was observed in the a-axis direction. As a result, r c and S c were simultaneously increased by hole doping, giving a relatively large r s S 2 s . These results indicate that the pseudogap in strongly correlated electron systems, which has attracted considerable attention in the field of condensed matter physics, can be applied to improve the thermoelectric properties of a material.
See supplementary material for details of the Seebeck measurements, temperature dependence of the device conductance without gate voltage, and the original data used to obtain the contour plots in Fig. 2 . 
